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Abstract—This study questions the view that the degree of thermodynamic imperfection (second law
efficiency, #y;) of the refrigeration and liquefaction plants that have been built does not depend on the
refrigeration load temperature I7. It is shown first that when plotted correctly, the empirical #;; values
decrease as T decreases. Two theoretical arguments are offered as explanations for this trend. The first
argument is based on a refrigeration plant model the irreversibility of which is due solely to the ‘internal’
heat transfer that passes directly through the machine all the way to T} . The second argument is based on
a more refined mode! in which the refrigeration plant irreversibility is due to three heat transfer phenomena :
the internal heat transfer (retained also in the first model), the external temperature difference between
refrigeration plant and ambient, and the external temperature difference between the refrigeration load
and the cold end of the refrigeration plant. It is shown that there exist optimum ways of allocating heat
transfer equipment to the distinct parts of the plant, if the objective is to maximize the refrigeration capacity
of the plant. Both theoretical arguments lead to the conclusion that #;; generally decreases as T decreases.
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INTRODUCTION

THis is the second part of a larger study of how heat
transfer-type irreversibilities account for the aggregate
inefficiencies of the large-scale power and refrigeration
plants that have already been built. In the first part[1],
it was shown that the recorded efficiencies of existing
power plants can be anticipated on the basis of very
simple models that include the irreversibility effect
associated with the transfer of heat across a finite
temperature difference. The objective of this second
part is to show that the same methodology can be
used in order to explain the observed trends in the
inefficiencies of existing large-scale refrigeration
plants.

The present work begins with taking another look
at a well-known compilation of the performance
characteristics of low temperature refrigerators and
liquefiers [2—4]. This compilation is represented here
by Fig. 1, which shows how the second law efficiency
of these machines, #y, decreases as the refrigeration
or liquefaction capacity O, decreases, that is, as the
machines become smaller. For future reference note
that the second law efficiency of a refrigeration plant
is defined as the coefficient of performance ratio

_ Cor q
= (COP) O
where (COP). is the coefficient of performance of a

Carnot refrigerator operating between the same tem-
perature levels (T, 7,) as the actual machine the

T The second law efficiency #y; in the present study.

coefficient of performance of which is COP. The
second law efficiency is recognized also as the rational
or exergetic efficiency of the plant [5, 6].

The trend revealed by Fig. 1 is understood fairly
well. The fact that the ‘thermodynamic performance’
of the refrigeration plant deteriorates steadily as the
physical size of the plant decreases can be attributed
to the greater role played by the heat loss to the
ambient, as the machine shrinks in size. The least
understood aspect of Fig. 1 is the question of whether
ny depends on the refrigeration load temperature 77 .
About this figure Strobridge wrote in 1969 and, again,
in 1974

“Historically the contention has been that higher
temperature refrigerators (or liquifiers) are more
efficient. The data for refrigeration temperatures
between 10 K and 30 K (and 30 K to 90 K) refute
that notion at least when presented on this common
basis. To be sure, less input power is required to
produce the same number of watts of cooling at
higher temperatures, but the losses relative to idealt
are proportionally the same.”

Strobridge’s conclusion that
nu # function (T) ()]

is widely accepted. One very recent example is pro-
vided by Boyle and Riple’s [7] study of refrigerator
power requirements in space applications: the curves
plotted on their Fig. 8 have been calculated by
assuming that the second law efficiency is independent
of the refrigeration load temperature T} .

In this study, I argue that Strobridge’s conclusion
[equation (2)] is inappropriate, because if there is one
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NOMENCLATURE
C. external conductance inventory. Ty  high temperature seen by the reversible
equation (14) part (C) of the refrigeration plant
Cy external conductance allocated to the hot T, refrigeration load temperature
end, equation (12) T.c low temperature seen by the reversible
C, internal conductance part (C) of the refrigeration plant
C*  dimensionless internal conductance, W mechanical or electrical power required
equation (10) by the refrigeration plant
C. external conductance allocated to the X external conductance allocation fraction,
cold end, equation (13) equations (15)
C, total conductance inventory, equation (25) ¥ investment (C,) allocation fraction,
COP coefficient of performance, equations (6) equations (26).
and (17)
(COP)c coefficient of performance in the
Carnot (reversible) limit, equation (7)
De price per unit of external conductance Greek symbols
J price per unit of internal resistance M second law or rational efficiency,
P dimensionless group, equation (29) equation (1)
Ouc rate of heat rejection from the reversible T actual temperature ratio, Ty/ T,
part of the refrigeration plant T temperature ratio spanned by the
) inmternal heat leak reversible part of the refrigeration
¢,  refrigeration capacity (load) plant, Tyc/Tic-
Q*  dimensionless twice-maximized
refrigeration load, equation (31)
O.c rate of heat transfer to the reversible part
of the refrigeration plant Subscripts
R internal thermal resistance, C;' C associated with the reversible (Carnot)
Tu ambient temperature (all the 7-type part
temperatures are thermodynamic max maximum
temperatures) opt optimum.

determined by allowing 7 to vary while comparing
machines of roughly the same size (capacity).
Lacking better data, I used the #; values that I
could read off Fig. 1 in the vertical column of width
10> < 0, < 10°' W, where Q, is the refrigeration load.

effect that has been wiped out intentionally in drawing
Fig. 1 it is the effect of the refrigeration temperature
T, (note the wide temperature ranges listed for the
actual 7 values of the surveyed liquefiers and refriger-
ators). Whether 7} has any effect on #,; can only be
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FIG. 1. The second law efficiency of constructed refrigeration and liquefaction plants [4].
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FiG. 2. Empirical data (horizontal bars) showing that 5, decreases as t = Tyy/7} increases, and the
theoretical curves based on the first model (dashed lines).

I sorted out these values according to the indicated
temperature ranges (1.8-9 K, 10-30 K and 30-90 K)
and obtained an average ny; value for each range. The
three average values calculated in this manner are
shown in Fig. 2: in each case the two extreme points
of each horizontal bar indicate the width of the T
range to which the calculated #; value refers (note
that Ty is the ambient temperature level, 300 K).

Figure 2 reveals a definite trend, this, despite the
considerable degree of T\ averaging that was inherited
from the way in which the data of Fig. 1 were sorted
out originally. Higher temperature refrigerators have
higher second law efficiencies indeed. The ‘historical
contention’ criticized by Strobridge [3,4] appears to
find support in the empirical information presented
in Fig. 2.

The challenge now is to anticipate the general trends
of Fig. 2 theoretically. In what follows I show that
this fundamental thermal engineering question can be
answered based on two very simple models of refriger-
ation plant operation.

THE FIRST MODEL

Consider the steady-state refrigeration plant model
sketched in Fig. 3. According to this model the plant
owes its irreversibility solely to the ‘internal’ heat
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FI1G. 3. The first model : refrigeration plant with internal heat
transfer irreversibility.

transfer 0, that flows through the machine ‘vertically’,
i.e. from the ambient temperature level T to the cold-
end temperature 7. In an actual refrigeration plant
O, represents the combined effect of vertical heat leaks
through components such as:

(i) the counterflow heat exchanger alluded to in the
fourth paragraph of the preceding section;

(ii) the supports that tie the cold end (7¢) mechan-
ically to the room temperature frame of the machine;

(i) the thermal insulation system sandwiched
between 7 and Ty.

In a machine of fixed size, the simplest model for
the combined internal heat leak effect Q; amounts to
writing

Qi =C(Ty— TL) (3)

where the constant C, is the internal conductance of
the refrigeration plant. One could, of course, refine
equation (3) by raising the temperature difference
(Ty—1T, ) to a certain exponent, if radiation heat leaks
and temperature dependent conductivities are domi-
nant in the evaluation of ;. It turns out that the
simple linear model (3) captures enough of the heat
transfer reality of the refrigeration plant in order to
explain the downward trend revealed by Fig. 2.

The model of Fig. 3 consists of Carnot refrigerator
working in parallel with the internal conductance dis-
cussed above. Applied only to the Carnot refrigerator,
the second law of thermodynamics states that

QHC QLC
Tn = T, “
in which 0, is to be distinguished from the refriger-
ation capacity (load) Q;, which is fixed

QLC = QL+ Ql (5)

Using the second law (4) and noting also that the
refrigerator power input W is equal to (Quc— Orc),
the coefficient of performance of the overall plant is
simply
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COP = Qﬁ = E;QLQ':S (6)
W  Tu/T.—!
The Carnot limit of this coefficient is
T —1
(COP). = (?H‘ - 1> ™
L

therefore, the second law efficiency of the actual plant
modeled in Fig. 3 is
Y
fe=1- 8)
Orc

or, after invoking equations (3) and (5)

o = [1+ci*(1— %)] . ©)

In this final result C* is a dimensionless version of the
internal conductance introduced first in equation (3),
namely

C* = (; E
O
It is already evident from the analytical form of
equation (9) that #;; decreases monotonically as the
refrigeration temperature level T decreases. The same
point is made graphically in Fig. 2, which shows that
a constant-C* curve (the internal heat transfer con-
stant C* of which is of the order of 5) passes right
through the band of #; values calculated based on the
data of Fig. 1. The second law efficiency decreases
monotonically also as C* increases (this trend should
be expected, because refrigerated enclosures with
larger heat losses make less efficient refrigeration
plants).
One interesting observation made possible by Fig.
2 is that

(10)

C;* = constant of the order of § (11)
recommends itself as an empirical scaling law of the
large population of built refrigeration plants compiled
by Strobridge and Chelton [2]. This law states that the
built-in conductance C, scales with the refrigeration
capacity O, and that the combined internal leak O, is
consistently of the order of five times the refrigeration
load O, .

THE SECOND MODEL

To refine the model of the irreversible refrigeration
plant means to account for more than the single source
of irreversibility considered in the model of Fig. 3.
Three irreversibility sources are recognized by the
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F1G. 4. The second model: refrigeration plant with internal
and external heat transfer irreversibility.

new model sketched in Fig. 4. These are the internal
heat leak Q; and the finite temperature differences
(Tyc— Ty) and (T, — T'.¢) required by the heat rejec-
tion and absorption rates associated with the re-
mainder (reversible) part of the refrigeration plant.

Retaining the linear relation adopted already for
the internal heat transfer rate, equation (3), we write
that Quc and @, ¢ are proportional to the respective
temperature differences (see Fig. 4)

QHC = Cu(Tyc—Ty) (12)
QLC = CL(TL'—TLC)- (13)

The proportionality factors Cy and C are the ‘exter-
nal’ heat transfer conductances provided by the hot
end and cold end heat exchangers, respectively. In
heat transfer engineering terms, for example, the hot
end conductance Cy scales as the product between the
overall heat transfer coefficient and the total area of
the hot end heat exchanger(s) (e.g. the battery of
‘aftercoolers’ or ‘intercoolers’ positioned between
the stages of the compressor of a liquid nitrogen or
liquid helium refrigerator). The end conductances are
expensive commodities, because they both increase
with the size of the respective heat exchangers. For
this reason it makes sense to introduce as a design
constraint the total external conductance inventory
C.M]

Ce = CH‘*'C‘L (14)

and the conductance fraction x defined by the
relations

Cu=(0—x)C, and C =xC,. (15)

The analytical description of the model of Fig. 4
consists of equations (3), (12)-(15) and the second
law statement for the reversibly operating part of the
model

(16)
THC TL(‘

We are interested in how the putting together of all
the pieces of this model influences the overall par-
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ameter ny. To calculate the second law efficiency we
note first that

COP =

O _1-0/0ic
ok an

Tc—l

where ¢ is shorthand for the absolute temperature
ratio across the reversible part of the refrigeration
plant

Tuc
Tc = ‘3,; . (18)
Noting further that equations (5) and (7) apply also
to the present model, it is not difficult to show that

the second law efficiency is also equal to

et

In this expression 7 is the actual temperature ratio
seen from the outside of the refrigeration plant

(19)

(20)

An essential part of the argument constructed here
is the thought that the designer of the refrigeration
plant is concerned first and foremost with the max-
imization of the service (benefit) furnished by the
plant, not with ‘efficiency’. This thought translates
into maximizing whenever possible the refrigeration
capacity Oy per unit of capital invested in the machine.
It is important to note also that this design philosophy
is conceptually on the same footing as the treatment
of irreversible power plants [1], according to which
the designer’s objective is to maximize the production
of mechanical power per capital invested, not the
energy conversion efficiency.

For the reason outlined above, we focus on the
analytical composition of the 0 function and, after
using equations (12)-(16), find that

. 1 1 .
O =C.Ty (——ﬂ>(1—x)x—Qi- @n
T Tc
The refrigeration load is maximized with respect to x
if
(22

that is, if the external conductance inventory is divided
evenly between the two ends of the machine. In what
follows we assume that equation (22) always holds,
in other words, that the 0, formula (21) takes the
simpler form

1 1 1
QLma.x=Z eln <__—) Ql

T

=1
xopt‘Z

23

Combined with equations (3) and (23), the second
law efficiency (19) emerges as a function of three vari-
ables (degrees of freedom), the external conductance
inventory C,, the internal conductance C; and the
‘Carnot’ temperature ratio t.. It is possible to read
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directly off these equations the fact that »;, increases
monotonically if C, increases and if C; decreases. The
trend in C; is similar to what we saw already in
Fig. 2. The relationship between #; and 1 is not
visible at this stage, therefore, we shall investigate it
numerically.

Before plunging into numerical analysis, however,
it is worth questioning whether C, and C; are truly
independent. The concept of total external con-
ductance inventory (C.) was introduced as an econ-
omic constraint for the purpose of properly ‘bal-
ancing’ the sizes of the end heat exchangers. If C, is
recognized as something that is in short supply, then
the internal resistance R, = C;"! is an expensive com-
modity also. That R, is dear and comparable with C,
is illustrated by the main counterflow heat exchanger
example (i) listed at the start of the preceding section.
As a thermal insulation element oriented in the (Ty) —
(T) direction, this heat exchanger is effective (i.e. its
R, is large) when its heat transfer area viewed in the
stream-to-stream direction is large [8]. The internal
resistance R, of the counterflow heat exchanger is pro-
portional to its total stream-to-stream heat transfer
area, the latter being directly comparable (actually,
competing in the budget) with the heat exchanger area
represented by C..

The other internal heat leak path examples given in
the preceding section can be analyzed similarly in
order to reach the general conclusion that, like C,, the
internal resistance R, is expensive. Although both C,
and R, vary with the design, they are related through
an economic constraint of the type

P2.C.+p.R; = constant (24)

where p. and p, are the prices of each additional unit
of C, and R;. Dividing through p., we can rewrite
equation (24) as

C.+ %Ri = C,, constant (25)
where C, is the total external conductance that could
be constructed with all the means available for con-
structing C, and R, that is, with the right-hand side
of equation (24). In any particular design C, uses up
only a fraction of C,, therefore, calling this fraction
y, we set

C.=yC, and I?Ri =(1=-»)C,.  (26)
<

The net effect of the preceding two paragraphs
is the conversion of the three-variable function
nu(C., Ci,7c) into a new relationship in which #y
depends on the investment fraction y, the price ratio
P./p. and the Carnot temperature ratio 1. This new
formulation is preferable for two reasons, the first
being the existence of an optimum y that maximizes
#y. This optimum thermodynamic balance between
investing in external conductance inventory (C,) and
internal resistance (R,) is qualitatively similar to the
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optimum balance discovered between the hot end and
cold end conductances, equation (22). Indeed, the
refrigeration capacity maximized once already in
equation (23) assumes the new form

o =jen(i-1)- G550 (-1) @

This expression can be maximized once more by
choosing the optimum capital distribution ratio

‘5.3(1:—1)]”2

Tc—7T

Yot = 1—21{ (28)

in which P is the dimensionless square root of the
price ratio, defined by

_ (pr/pc)l/z
p=—.

c (29)

Substituting y = y,,, in equation (27) yields the twice-
maximized refrigeration rate Q) .. max> Which can be
nondimensionalized as follows :

Q‘L‘max,max _ T.—7T Tc (T - 1) 12
CT, 4t 1—ap T.—1T - G0
In the numerical work described next, the left-hand

side of equation (30) is represented by the dimen-
sionless number 0 *

Q* — QL,max,max

TCT. (31)

The second reason for preferring the #,,(y, p./pc. 7c)
formulation is that in any given technological age the
price ratio p,/p. (or P) is likely to be constant. As
the relative cost of building internal resistance and
external conductance into each machine, the price
ratio promises to change significantly (namely, to
decrease) only upon the discovery of revolutionary
ways of providing for the internal thermal resistance
effect. Two examples of how inventions drove the
./ p. ratio down over the history of low temperature
refrigeration are the use of intermediate temperature
expanders for cooling the main counterflow heat ex-
changer [9] and the use of advanced super-insulation
techniques such as gas-cooled stacks of radiation
shields [10, 11]. We shall return to this observation in
the discussion of Fig. 8.

What is left now is to study the second law efficiency
levels that can be attained if 0, is maximized twice,
as indicated in equation (30). Substituting y = y,,
into the n;(y, P, 1c) relation makes #y; a function of
only P and 1c. This function can be deduced easily
from equation (19)

—1 P(—-1) |!
(P, 1c) = Te—1 [1 + 0*(1 _yom):l (32)

in combination with equation (28) for y,, and equa-
tion (30) for @*. In this discussion we are assuming

A. BEIAN

that the actual temperature ratio 7 is a known con-
stant.

Figure 5 shows that when the price ratio number P
is fixed the second law efficiency reaches a maximum
{(Mu.max) at a certain value of the Carnot temperature
ratio, T - These optimum 7 values are summarized
as Tc ope/ T V8 Tin Fig. 6. The discrepancy between ¢ o,
and 1 accentuates as t increases, especially at higher
values of the price ratio number P. A complemen-
tary aspect of these calculations is shown in Fig. 7:
the refrigeration capacity number increases mono-
tonically as 7. increases while P is fixed, that is, as
#y; describes the maxima revealed by Fig. 5. This
means that the qualitative outlook of Fig. 5 remains
unchanged if the abscissa parameter 7 is replaced by
0.

The maximum second-law-efficiency curves pin-
pointed in this manner have been projected on the 7;,~
7 plane of Fig. 8, one curve for each P value. The
ultimate conclusion of this analysis, then, is that in
a fixed technological environment (constant P) the
highest #,; values that can be attained decrease
monotonically as t increases. This conclusion
matches in spirit the conclusion drawn already based
on the simpler model (Fig. 2), however, at low tem-
peratures (high ts) the slope of the ny ,,,(t) curves
(dashed lines of Fig. 8) is higher than the slope of
the #,() curves of Fig. 2. The apparent slope of the
region covered in Fig. 2 by the empirical #; data
falls right between the two theoretical slopes. This
can be seen easily by comparing Figs. 2 and 8.

Another interesting feature of each of the constant-
P curves of Fig. 8 is that they drop off sharply as t
increases above a certain order of magnitude. This
feature is a warning that unless technological inno-
vations are adopted in order to decrease P, a given
refrigeration plant technology (fixed P) fails at some
point in the quest to reach absolute zero (z — ).
Indeed, a study of the history of large-scale low-tem-
perature refrigeration techniques shows that each new
step up in 7 was preceded by the adoption of one or
more new twists in the ‘method’ of refrigeration {12].
The current industrial example of a technological
revolution of this kind is the proliferation of refriger-
ation plants the low temperature ends of which are
occupied by a magnetic refrigeration (adiabatic de-
magnetization) stage [13]. This new generation of
industrial refrigeration plants reaches into the T
range 0.1-4.2 K, which on the abscissa of Fig. &
corresponds to the t range 71-3000.

Finally, despite the almost 100 years needed by our
civilization to advance from left to right along the
empirical horizontal bars of Fig. 8, the region covered
by the empirical #;; data corresponds to a surprisingly
narrow range of P values. One order-of-magnitude
conclusion to retain is that the refrigeration and
liquefaction plants that have been constructed are
characterized by

P = constant in the range 0.02-0.05. (33)
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F1G. 5. The maximum second law efficiency attainable by a plant the refrigeration capacity of which has
been maximized twice (P = 0.03).
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FIG. 6. The optimum Carnot temperature ratio corresponding to the #; maxima illustrated in Fig. 5.
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Fi1G. 7. The relationship between Carnot temperature ratio and twice-maximized refrigeration capacity
when P = 0.03.
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Fic. 8. Empirical data (horizontal bars) and the theoretical maximum-ny; curves predicted based on the
second model.

The P constant appears to have migrated slightly
toward lower values, as refrigeration technology
reached toward lower temperatures. This means that
in newer machines and in machines that operate at
lower temperatures the unit price of the internal resist-
ance has decreased relative to the unit price of the
external conductance.

CONCLUSION

Looking back at the ground covered in this study,
we see that two relatively simple theoretical arguments
can be offered in order to refute the traditional reading
of Fig. 1. It is quite possible that other, equalily simple,
arguments can come even closer to anticipating the
downward slope of the empirical #;,(t) data. This and
the collection of more accurate 5 data for developing
an empirical correlation in place of the three hori-
zontal bars of Fig. 2 are items worthy of further study.

On a more fundamental plane, this analysis stresses
the value of the ‘simple model’ in an era when more
and more people are taught that ‘complicated’ systems
should be analyzed automatically by computer. In the
present study, two very simple models showed that
the trend of the thermodynamic imperfection of the
refrigeration plants that have been built in the modern
era is explained largely by the heat transfer irre-
versibilities that have been retained in these models.
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THEORIE DE L'IRREVERSIBILITE PAR TRANSFERT DE CHALEUR POUR DES
UNITES DE REFRIGERATION

Résumé—Cette étude pose la question du degré d’imperfection thermodynamique (efficacité n; selon la
seconde loi), de température de la réfrigération T;. On montre d’abord que les valeurs empiriques #y
diminuent lorsque 7} augmente. Deux arguments théoriques sont offerts pour expliquer cela. Le premier
d’entre eux est basé sur un modéle pour lequel l'irréversibilité est seulement due au transfert de chaleur
“interne” qui passe directement 4 travers la machine vers 7. Le second argument est basé sur un modéle
plus fin dans lequel lirréversibilité du systéme de réfrigération est due 4 trois phénomdnes de transfert de
chaleur; le transfert de chaleur interne (comme pour le premier modéle), la différence de température
externe entre j'unité de réfrigération et 'ambiance, et la différence de température externe entre la charge
de réfrigération et I'extrémité chaude de I'unité de réfrigération. On montre qu'il existe ds voies optimales
dans des parties distinctes de 'unité, si I'objectif est d’optimiser la capacité de réfrigération. Ces arguments
théoriques conduisent ensemble a conclure que généralement n; décroit lorsque 7; augmente.

THEORIE DER WARMEUBERTRAGUNG—IRREVERSIBLE KALTEANLAGEN

Zusammenfassung—In dieser Untersuchung wird die Vorstellung hinterfragt, daB der Grad der thermo-
dynamischen Unzuldnglichkeit (Wirkungsgrad nach dem Zweiten Hauptsatz #;) bestehender Kailte-
und Verfliissigungsanlagen nicht von der Kiihllasttemperatur T} abhingt. Es wird zunédchst gezeigt, daB
die empirisch ermittelten Werte fiir #7;, wenn sie korrekt dargestellt werden, mit sinkendem T; abnehmen.
Zwei theoretische Erkldrungen fiir diesen Trend werden angeboten. Die erste basiert auf einem Kalte-
anlagenmodell, dessen Entropieerzeugung einzig auf dem “internen” Wirmetransport direkt durch die
Anlage beruht, der bei T, erfolgt. Die zweite Erklirung basiert auf einem verbesserten Modell, in dem die
Entropie durch drei verschiedene Wirmeiibertragungsvorginge erzeugt wird: den internen Wirme-
transport (auch im ersten Modell enthalten), die externe Temperaturdifferenz zwischen Kilteanlage und
Umgebung und die externe Temperaturdifferenz zwischen Kiihllast und kalter Seite der Kélteanlage. Es
wird gezeigt, daB optimale Strategien fiir die Verteilung von Wirmeiibertragungseinrichtungen an die
unterschiedlichen Teile der Anlage bestehen, wenn das Ziel die Maximierung der Kiihlleistung der Anlage
ist. Beide theoretische Erklarungen fiihren zu der SchluBfolgerung, daB #,; generell mit sinkendem T
abnimmt.

TEOPHUSA TEITJIOIIEPEHOCA B NMPHJIOXEHHH K XOJIOZUJIBHBIM YCTAHOBKAM C
HEOBPATHUMBIM LIMKJIOM

Asporamms—OcnapaBaeTcds YTBEPXKICHMC, 9HTO CTENCHh TEPMOAHHAMMYCCKOHR HEHACAILHOCTH
(xo3ppnnEeHT 3PPCKTHBHOCTH IO BTOPOMY 3aKOHY, #;) XOJOMMILHBIX H OXEKATC/ILHRX YCTBHOBOK HE
3aBHCHT OT TeMriepaTypHl Harpy3ku T, . [Toxa3aHo, YTO pH NpaBWILHOM rpadHIeckOM NPeNCTaBACHHK
IMITHPHYECKHE 3HAYCHHA 7y, NanaioT ¢ ymcHbuieHueM T . IIpezutoxeHer qBa TeopeTHueckux coobpaxe-
HESA U1 oObscHEHuS 3Tol TeHneHnuH. Ileppoe OCHOBaHO Ha MOZEIH XOJMOAWIBHOM yCTaAHOBKH, Heobpa-
THMOCTh pabGoThl XOTOpO#t 06yciOB/ICHA HCKIIOYHTEILHO “BHYTPEHHHM” TEIUIONCPEHOCOM Yepe3
YCTaHOBKY BILIOTH JO TemmepaTypul 7; . Bropoe 6asupyercs Ha Gonee cioxHON MOACHH, B XOTOPOK
HeoGpaTAMOCTE XOJOAWILHOH yCTaHOBKH 00A3aHa TPeM SABJICHHAM TEIUIONEPEHOCA: BHYTPEHHEMY Ten-
JIOTICPEHOCY (YYHTHIBACMOMY Takxe NepBoif MOJENbI0), PA3HOCTH TEMNEPATYD YCTAHOBKH H OKPY&AlO-
et Cpesbl H pa3HOCTH TEMIIEPATYP MeXKAY TEIUIOBO# HAarpy3koit XoJoRRIBHON YCTAHOBKH H XON0HOM
4acThio ycraHoBKH. [ToxasaHo, 4TO 3a CYET ONTHMAJIBHOTO pa3MelleHHs TeloobMennoro oGopyaopa-
HHS B XOJIOMAILHBIX YCTAHOBKAX MOXKHO YBCJHYHTD HX OXJaXAaromyio cnocobHocTs. B o6oux BapuaH-
Tax 3HaYeHHs 1 Kak IpaBIIO NajaioT C yMeHbIICHAEM T; .
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